The objectives of this study were to 1) assess the correlation between hoof surface temperature and ultrasonographic measurements of digital blood vessels in horses, and 2) evaluate their potential as predictors for clinical lameness. Twelve 3-year-old American Quarter Horses, 6 geldings and 6 mares, with average initial body weight of 459 ± 31 kg were utilized. On days 0, 30, 60, and 90 of the study, horses were weighed and subjected to clinical lameness exams.
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Introduction
Lameness can be devastating to the utility of the horse, as the equine often is expected to perform athletically for many years. In fact, lameness has been cited not only as the most 3 common cause of lost performance [1] , but also the most frequently reported health problem in horses [2] . Recent studies have enhanced our understanding of the pathophysiology of lameness.
In particular, altered digital circulation has been proposed to play a role, because circulating blood carries nutrients to the digital tissues [3, 4] , removes wastes, and is essential in the thermoregulation of the hoof [4] . In addition, the rigid nature of the hoof wall makes the equine foot particularly susceptible to changes in pressure, with little room for expansion to accommodate the edema that characterizes any inflammatory process [4] . Both navicular syndrome and laminitis, common equine lamenesses, have been associated with altered circulation in the equine hoof [3] [4] [5] [6] [7] [8] .
Doppler ultrasonography and thermographic imaging are noninvasive methods of assessing blood flow to various tissues within the body. Moving structures, such as erythrocytes in circulating blood, show differential patterns of sound wave reflectance based on their speed of travel; these patterns can be detected through Doppler ultrasonography [9] . Doppler ultrasonography has been utilized to evaluate blood flow throughout the equine limb [10, 11] and the equine hoof specifically [12] . Studies have shown that despite considerable variability in measurements, the use of Doppler ultrasonography in the equine limb is sufficiently repeatable and sensitive to detect changes in blood flow [13, 14] . In fact, Doppler ultrasonography is able to detect differences as small as 0.005 and 0.01 ml/min in digital arterial and venous flow [13] , making the technique sufficiently sensitive to detect different physiological stages [15] .
Thermographic imaging is commonly used to measure surface temperature, which in turn may be considered an indicator of blood flow to an area. As local circulatory flow in the equine limb increases, so does the emission of infrared energy [16] . This technique has been shown to yield repeatable measurements [17] , although ambient temperature differences may affect 4 measurements obtained [18] . Thermography has been used to detect a variety of inflammatory conditions [19] and early signs of osteoarthritis [20] in the horse. The use of thermography requires little operator training and does not require close proximity to a blood vessel, making it more practical than Doppler ultrasonography to assess blood flow in areas such as the hoof.
Despite the fact that thermographic imaging is relatively simple and straightforward to administer, it is not used widely in clinical settings [21] .
The objectives of this study were to 1) assess the correlation between hoof surface temperature and ultrasonographic measurements of digital blood vessels in horses, and 2) evaluate their potential as predictors for clinical lameness.
Materials and Methods
All procedures were approved by the Institutional Animal Care and Use Committee at Kansas State University. This study was conducted concurrently and with the same set of horses assigned to another experiment designed to evaluate the effects of endophyte-infected fescue consumption on digital circulation in the horse [11] . In brief, 12 3-year-old American Quarter Horses, 6 geldings and 6 mares, with mean initial body weight of 459 ± 31 kg were blocked by weight, gender, and Hyperkalemic Periodic Paralysis (HYPP) status (homozygous normal or heterozygous) and assigned to dietary treatment groups as described in Douthit et al. [11] . The effect of dietary treatment on digital circulation was reported in Douthit et al. [11] . This manuscript addresses the relationships between the measurements of digital circulation to each other, as well as their relationship to lameness, independent of treatment, which were not addressed in the initial publication [11] . 
Statistical Analysis
For the purpose of exploring the association between surface temperature and ultrasonographic measurements on the hoof, a series of three bivariate linear mixed models were fitted to hoof temperature and velocity of blood flow, hoof temperature and diameter of medial palmar artery, and hoof temperature and volume of blood flow. For each of the responses of interest, namely velocity, diameter, volume, and temperature, the arithmetic mean of all measurements taken on a horse on a given day was calculated, resulting in a single data point for each response variable per horse and day. The statistical model included fixed effects of treatment, day, and their two-way interaction, as well as a random effect of horse nested within treatment to account for repeated measures over multiple days for each horse. All variance components were estimate using residual maximum likelihood. Statistical models were fitted using the MIXED procedure of SAS (Version 9.2, SAS Institute, Cary, NC). The residual (i.e., within-horse) and random (i.e., between-horse) variance-covariance matrices were specified as unstructured to allow for separate estimation of variance and covariance parameters at both levels. These variance-covariance estimates were used to estimate the within-horse and betweenhorse correlation coefficients between hoof temperature and velocity of blood flow, hoof temperature and diameter of medial palmar artery, and hoof temperature and volume of blood flow. These correlation coefficients were then tested against a null value zero using a t-test, as described in Kutner et al. [22] . Because diameter and volume were not measured on d 0, there were only 3 repeated measures for these variables; therefore the correlations between hoof temperature and diameter of medial palmar artery, and hoof temperature and volume of blood flow could not be estimated.
The association between occurrence of lameness (yes/no) and velocity, diameter, volume, and temperature measurements on the hoof was also examined. A generalized linear mixed model was used to describe the association between lameness and the predictors of interest; the model was determined by step-wise forward selection using maximum-likelihood- 
Results
Relationship between Doppler ultrasound and temperature measurements
Scatterplots of observed values for hoof surface temperature and velocity of blood flow are presented in Figures 1 and 2 , respectively, for each horse and are color-coded for d 0, 30, 60, and 90. The estimated within-horse (i.e., residual level) correlation between hoof surface temperature and velocity of blood flow in the distal limb through the medial palmar artery was 0.40 (P > 0.50); that is, for a given horse and within a given day, measurements of hoof temperature and 8 velocity of blood flow in the distal limb were only moderately correlated. The within-horse relationship between hoof surface temperature and velocity of blood flow is depicted in Figure 3 by means of a scatterplot of their respective residuals.
The estimated between-horse (i.e., random level) correlation was 0.99 (P < 0.001); that is, after estimating a relative horse-specific response over the course of the study (much as is done with best linear unbiased prediction in linear mixed models), the estimated horse-level correlation for hoof surface temperature and velocity of blood flow in the distal limb was of considerable magnitude. Figure 4 illustrates this relationship using a scatterplot of the estimated horse-specific differential effects on hoof temperature over estimated horse-specific differential effects on blood flow velocity.
In the remaining two bivariate linear mixed models fitted to hoof surface temperature and each of diameter and volume, per hoof blood vessel ultrasonographic measurements, betweenhorse variance components estimation converged to 0; therefore, it was not possible to compute the between-horse correlation between variables.
Relationship of hoof temperature and Doppler ultrasound measurements with lameness
When BIC-based forward model selection was used to assess explanatory variables associated with lameness, none of the variables were significantly (P < 0.05) associated with lameness. Velocity of blood flow at 60 min after feeding was identified as the best-fitting predictor of lameness (decreased the BIC by more than 2) after accounting for other variables in the model, namely day, treatment, and sex. In addition, hoof temperature at 75, 90, 105, 120, 135, 150 min after feeding or average hoof temperature seemed to have comparable model fit to the data relative to velocity at 60 min, meaning they decreased the BIC by approximately the same amount and had similar P-values. However, after one of these explanatory variables was added, none of the others added to the predictive ability of the model. Other studies have reported success in diagnosing lameness in horses with the aid of thermography [25, 26] . In our case, even though model selection indicated that several explanatory variables (as listed above)
contributed to explaining lameness, their P-values ranged from 0.13 to 0.18. The estimated 95%
confidence intervals on the odds ratios for velocity, volume, diameter, or temperature when incorporated into the base model included the null value 0 in all cases and had P-values > 0.13, indicating that none of the variables were significantly associated with the odds of lameness.
Discussion
The moderate correlation detected between surface temperature of the hoof and velocity of blood flow concurs with the conclusion drawn by other authors that Doppler and thermographic readings show a poor degree of correlation [23, 24] . Such moderate correlation might be attributable to measurement noise associated with the equipment or the operator as well as variability due to environmental or time-of-day effects; however, an effort was made to minimize environmental interference by keeping the horses stalled in the air-conditioned environment for at least 12 h prior to initiating thermographic measurements. Also, all measurements were taken indoors at a constant temperature and without the interference from direct sunlight or wind.
Because the estimated horse-level correlation for hoof surface temperature and velocity of blood flow in the distal limb was of considerable magnitude, it appears that at the horse level whereby multiple measurements on a given horse are considered jointly, hoof surface temperature may be expected to serve as a reliable proxy for Doppler-measured velocity of blood flow for a horse and vice versa. Similar to our findings, Wongaumnauykul et al. [27] reported no evidence of association between Doppler parameters and degree of lameness. The limited power from the small size of the dataset may have prevented us from identifying predictors with small effect sizes.
Conclusions
The very high between-horse correlation between velocity of blood flow through the medial palmar artery and hoof temperature indicate that hoof temperature can be used to predict velocity of blood flow on a horse level basis; however, considerable measurement noise is associated with repeating observations within a given animal. No significant associations between velocity, diameter, volume, or temperature and lameness were found. However, including velocity of blood flow through the medial palmar artery at 60 min after feeding; hoof temperature at 75, 90, 105, 120, 135, and 150 min after feeding; or average hoof temperature into the model to predict lameness seemed to enhance model fit to the data despite non-significant results. Further research with a larger sample size is needed to replicate these results and explore other associations with suitable statistical power. Horse-specific velocity differential, m/s Horse-specific temperature differential, ºF
